KCC2, a neuronal-specific K-Cl cotransporter, plays a major role in maintaining intracellular Cl ؊ concentration in neurons below its electrochemical equilibrium potential, thus favoring robust GABA hyperpolarizing or inhibitory responses. The pharmacology of the K-Cl cotransporter is dominated by loop diuretics such as furosemide and bumetanide, molecules used in clinical medicine because they inhibit the loop of Henle Na-K-2Cl cotransporter with much higher affinity. To identify molecules that affect KCC2 activity, we developed a fluorescence-based assay suitable for highthroughput screening (HTS) and used the assay to screen a library of 234,000 small molecules. We identified a large number of molecules that either decrease or increase the activity of the cotransporter. Here, we report the characterization of a small number of inhibitors, some of which inhibit KCC2 activity in the submicomolar range without substantially affecting NKCC1 activity. Using medicinal chemistry, we synthesized a number of variants, tested their effect on KCC2 function, and provide an analysis of structure/activity relationships. We also used one of the compounds to demonstrate competitive inhibition in regard to external [K ؉ ] versus noncompetitive inhibition in respect to external [Cl ؊ ].
C
ation-chloride cotransporters have received much attention in the past decade for the role they play in the nervous system. In particular KCC2, a neuronal-specific K-Cl cotransporter, has been shown to modulate inhibitory neurotransmission both in the brain and in the spinal cord. By reducing the intracellular Cl Ϫ concentration below its thermodynamic equilibrium potential in central neurons, KCC2 strengthens synaptic inhibition. Several studies have shown that loss of KCC2 function in central neurons results in the development of CNS hyperexcitability (1-3). Moreover, a paper from Coull and coworkers also showed that disinhibition in the dorsal horn of the spinal cord triggered by peripheral nerve injury was mediated by a significant decrease in KCC2 expression (4) . Local blockade or knockdown of spinal KCC2 in intact rats markedly reduced the nocicepetive threshold. By linking change in KCC2 function to disruption of Cl Ϫ homeostasis in lamina I neurons, the study clearly linked the loss of KCC2 function to a loss of inhibition in this region of the spinal cord and to an increase in chronic pain. The relationship between KCC2 and nerve or spinal cord injury has been confirmed in subsequent studies that have shown that inflammatory response due to intraplantar injection of formalin (5, 6) or hind paw injection of complete Freund's adjuvant (7), or to loose ligation of the sciatic nerve (8) , or contusive spinal cord injury at T9 (9) , all led to a down-regulation of cotransporter expression. Altogether, these studies also point to a role of KCC2 in neuropathic pain.
The pharmacology of the cation-chloride cotransporters is dominated by 2 classes of drugs: the thiazide and loop diuretics. Whereas thiazide diuretics target the apical Na-Cl cotransporter, located in the distal convoluted tubule, resulting in decreased salt reabsorption, loop diuretics (furosemide or LASIX and bumetanide or BUMEX), as their names imply, inhibit the apical Na-K-2Cl cotransporter, NKCC2, located in the thick ascending loop of Henle, thereby diminishing kidney salt reabsorption. They also inhibit NKCC1 in the micromolar range in isolated cells, but have little effect on NKCC1 in situ due to their binding to albumin in the circulation and consequently their poor access to peripheral tissues. High doses of diuretics have, however, ototoxic effects due to inhibition of NKCC1 in the inner ear (10) (11) (12) . Furosemide and bumetanide also inhibit K-Cl cotransporter, including KCC2 but at much higher concentrations (100 M-1 mM) (13) (14) (15) . There are 2 compounds that inhibit K-Cl cotransport in the micomolar range: DIDS and DIOA, but their effect is species-specific (16, 17) and lacking in specificity with regard to other ion transporters and channels (for reviews, see refs. 18 and 19) .
To identify molecules that affect the activity of KCC2, we developed a fluorescence-based method appropriate for highthroughput screening (HTS). Indeed, all traditional methods used to assess cation-chloride cotransporter activity are not adequate for HTS. The method makes use of a fluorescent dye sensitive to thallium, a cation that is transported by cationchloride cotransporter. Thallium, in combination with dye, was previously used to assay uptakes of K ϩ through K ϩ channels (20) . Using this method, we screened a library of 234,000 compounds with KCC2 as a target and identified a number of compounds that affect the activity of the cotransporter.
Results
To test thousands of compounds on the activity of KCC2, we needed to develop a method that was suitable for HTS. Although Cl Ϫ -sensitive dyes have been used to screen for inhibitors of CFTR and Ca 2ϩ -activated Cl Ϫ channels (21, 22) , we wanted to test whether dyes that are sensitive to Tl ϩ (thallium) a cation that permeates K ϩ channels, would be suitable for HTS of cationchloride cotransporters. To demonstrate that KCC2 transports thallium ( 204 Tl ϩ ) at the K ϩ site, we performed an experiment in which 86 Rb uptake was measured in KCC2-overexpressing HEK293 cells [see supporting information (SI) Fig. S1 ] incubated in solutions containing 2 mM K 2 (SO 4 ) or 2 mM Tl 2 (SO 4 ). As indicated in Fig. 1A , furosemide-sensitive 86 Rb uptake occurred in the presence of thallium, although somewhat reduced when compared with the K ϩ -containing solution. After loading KCC2-overexpressing or native HEK293 cells with a thallium fluorescent dye (BTC or fluozin-2), we measured the increase in fluorescence elicited by the addition of thallium to the external solution. The increase was significantly higher in KCC2-overexpressing HEK293 cells, compared with native cells (Fig.  1B) . The experiment was then repeated by using 2 384-well plates containing KCC2-overexpressing cells; in each plate, every other well was treated with vehicle control conditions, the others in the presence of 2 mM furosemide. As seen in Fig. 1C , the data derived from the initial slope of the thallium-evoked increase in fluorescence are very consistent from well to well, and the separation between the control and furosemide signals is very large. The ZЈ value, defined as 1Ϫ (3SD 1 ϩ 3SD 2 )/͗Ave 1 Ϫ Ave 2 ͘, was measured at 0.78.
The screen was conducted in multiple 384-well plates containing HEK293 cells overexpressing KCC2. For each plate, 4 columns were dedicated to controls: 2 columns (32 wells) using standard HBSS conditions with ouabain and 2 columns using HBSS plus 2 mM bumetanide. These wells allowed for internal quality assessment. Each of the remaining 320 wells was dedicated to one compound tested at a concentration of nominally 10 M. Using 733 plates, we screened 234,560 compounds with an average ZЈ value of 0.686 Ϯ 0.090, indicating both high fidelity and good separation between the 2 control signals (with and without bumetanide). Compounds that decreased or stimulated fluorescence signals Ͼ3 standard deviations from the test compound population measured on a per-plate basis were counted as primary hits. The screen yielded 4,933 hits (2%), with 1,880 compounds reducing and 2,954 compounds increasing the fluorescence signal, respectively.
After elimination of duplicates, a secondary screen was performed with 3,695 compounds. Each compound was tested in duplicate at a concentration of 10 M by using both KCC2-overexpressing cells and naïve HEK293 cells. With each cell line, the secondary screen was performed in the presence and absence of ouabain. Approximately 60% of the compounds (2,224) verified. We identified 465 compounds that were positive in KCC2-overexpressing cells, but not in naïve HEK293 cells, irrespective of the presence or absence of ouabain. Each of the 465 compounds was then tested at various concentrations (ranging from 0.5 nM to 30 M) in triplicate, and Ϸ76% of them displayed a typical dose dependence.
Based on their potency and structure, we selected 26 compounds that inhibited thallium-induced fluorescence increase and tested them on KCC2 and NKCC1 functions by using 86 Rb uptakes in HEK293 cells. For KCC2, we used N-ethylmaleimide pretreatment in KCC2-overexpressing HEK293 cells. The alkylating agent not only stimulates K-Cl cotransport, but abrogates the function of the native Na-K-2Cl cotransporter (Fig. S2 ). For NKCC1, we used a hyperosmotic solution to stimulate the transporter in naïve HEK293 cells (Fig. S2) . Table S1 lists the efficacy of each of the 26 compounds on KCC2 and NKCC1 function. As seen in the table, some compounds like D4 inhibit KCC2 with a measured IC 50 in the submicromolar range while minimally affecting NKCC1. In contrast, other compounds like D8 acted equally well on KCC2 and NKCC1.
To compare further the specificity of D3 and D4 on KCC2 over NKCC1, we plotted the data of K ϩ uptakes (in nmol/mg of protein/min) at compounds concentrations of 10 M and 50 M. As seen in Fig. 2 , both D3 and D4 inhibited significantly KCC2-mediated K ϩ uptake at 10 M, whereas they only showed a small effect on NKCC1-mediated K ϩ uptake. Furthermore, this small effect was not significantly increased by increasing the dose to 50 M, indicating a lack of dose-response. Fig. 3 presents full dose-response curves for compounds D4 and bumetanide. It shows 3 orders of magnitude difference in the IC 50 . A similar low affinity was found for furosemide (see IC 50 in Table S1 ). To gain information on structure-activity relationship (SAR), we synthesized a number of molecules around the structure of
We designed a small 13-member library wherein the Western 6-phenylpyridazine moiety was held constant, while varying the eastern heterocycle, i.e., the 4-methyl thiazole, with differentially functionalized thiazoles and pyridines. The synthetic route to the analogs 6a-6m as well as the resynthesis of D4 is shown in Fig. S3 . Commercial 3-chloro-6-phenylpyridazine 1 is treated with thiourea under microwave irradiation for 15 min to afford the corresponding 6-phenylpyridazine-3-thiol 2 in 83% isolated yield. Concurrently, 13 heterocyclic amines 3 were exposed to 2-chloroacetyl chloride 4 to afford 13 derivative 5 in 85-95% yield. Finally, the 13 derivative 5 were reacted with 6-phenylpyridazine-3-thiol 2 to deliver D4 congeners 6a-6m in 38-56% isolated yields. The parent D4 was also resynthesized in 48% yield following this route by reacting 2 and 7, 2-chloro-N-(4methylthiazol-2-yl)acetamide. SAR for this series was rather flat, with functionalized pyridines, 6a-6f, affording Ͻ32% inhibition of KCC2 at 1 M (Fig. 4) . If the 4-methyl group was removed from D4, as in 6g, inhibition was greatly diminished. Various alkly replacements in the 4 position of the thiazole moiety were tolerated, 6i-6k, providing good inhibition (56-62%) at 1 M. D4 (6l) confirmed upon resynthesis (IC 50 ϭ 558 nM and selective versus NKCC1) as did an N-Me amide congener 6m of D4 (IC 50 ϭ 537 nM and selective versus NKCC1).
Compounds D4 (6l) and 6m were also tested against 68 GPCRs, ion channels and transporters at MDS Pharma. This ancillary pharmacology screen showed significant response (Ͼ50% at 10 M) for 6l with 4 targets (Adenosine A1 and A3 receptors, L-type Ca 2ϩ channel, and K ϩ channel hERG), but no response for 6m, indicating increased specificity by substituting the NH group of D4 (6l) to a tertiary N-Me amide group (see Table S2 ).
Finally, important information on the modality of inhibitor binding can be gained by performing transport kinetic experiments. In a first experiment, we tested the effect of D4 on KCC2 function, measured at different external K ϩ concentrations. 5A2 ) and confirmed through all parallel lines (unique slope) the nature of the competitive inhibition. These data clearly indicate that the inhibitor binds to the transporter before K ϩ , i.e., once K ϩ is bound to the cotransporter, the inhibitor is unable to bind. In a second experiment, we tested the external Cl Ϫ concentration on D4 binding and KCC2 function. Interestingly, the doublereciprocal plot was now typical of a noncompetitive inhibition, because all lines intercepted on the y axis (Fig. 5B) . The affinity for Cl Ϫ was extracted from the intercept and calculated to be 59 mM. Altogether, our data demonstrate that the inhibitor binds noncompetitively with respect to Cl Ϫ ions but competitively with respect to K ϩ ions. The only model compatible with these data allows (i) the random binding of K ϩ and Cl Ϫ ions to the unoccupied transporter, and (ii) the binding of the inhibitor only to K ϩ -unoccupied transporters (Fig. 5C) . Derivations of the rapid equilibrium equations for this model are provided in SI Text. Ordered ion-binding models (K ϩ binding first followed by Cl Ϫ or vice versa) are rejected on the basis that competitive 
Discussion
Since its molecular identification in 1996 (23), the physiology of KCC2, a neuronal K-Cl cotransporter, has received increasing attention. In the absence of potent and specific pharmacological agents, the function of the cotransporter has been resting on studies using high doses of furosemide (24) (25) (26) and studies relying on genetic models such as KCC2 knockout and hypomorhic mice (1, 2, 27, 28), Drosophila KCC knockout (29) , and transgenic zebrafish (30) .
Furosemide or frusemide came in the early 1960s as a new and powerful diuretic developed by Farbwerke Hoechst in Germany and marketed under the trade name of Lasix (31) . Together with bumetanide (32), these 2 drugs have been widely used as diuretics, targeting the thick ascending-limb loop of Henle's Na-K-2Cl cotransporter. Both bumetanide and furosemide bind to NKCC with 0.5-5 M affinities. The discovery in the early 1980s of a Cl Ϫ -sensitive K ϩ flux pathway, K-Cl cotransport, came with information regarding its sensitivity to much higher doses of loop diuretics (13, 33, 34) . Since then, the diuretics have been widely used as inhibitor of K-Cl cotransporter, despite the discovery of other compounds that can inhibit K-Cl cotransporter with higher potency. These drugs, such as DIDS (16) or DIOA (35) affect K-Cl cotransport in species-specific manner, have multiple other targets, and have been reported to affect cell viability.
Animal models in which expression of KCC2 has been genetically manipulated have provided significant information on the role of KCC2 in maintaining a lower-than-equilibrium intracellular Cl Ϫ concentration, facilitating hyperpolarizing GABA responses (for review, see ref. 36 ). Indeed, electroneutral and tightly coupled K-Cl cotransport is able to drive Cl Ϫ ions against its own electrochemical gradient by using energy from the large gradient or distribution of potassium across the plasma membrane, which is generated by the Na ϩ /K ϩ -ATPase. The switch of GABA from depolarization to hyperpolarization and the strengthening of GABA hyperpolarizing responses arise concomitantly with a significant increase in KCC2 expression during postnatal development (reviewed in ref. 37 ). KCC2 has also been recently implicated in the neuropathic pain pathway, because its inhibition or down-regulation led to a marked reduction in nociceptive threshold (4) .
A significant informative finding of this study is the development of an assay to assess cation-chloride cotransporter function. Indeed, our study make use of fluorescent dyes that are typically sensitive to divalent cations, such as Ca 2ϩ for BTC and Zn 2ϩ for fluozin-2, and the use of a monovalent cation Tl ϩ (thallium), which interacts with these dyes. Note that Ca 2ϩ quenches whereas Tl ϩ increases BTC fluorescence. These thallium-sensitive dyes were screened and identified by one of us and used to assess, through fluorescence, the movement of thallium through K ϩ channels (20) . Although we demonstrated that Tl ϩ is transported by KCC2 (Fig. 1 A) and NKCC1 on the K ϩ site, it is clear that unlike Rb ϩ , Tl ϩ is not transported equally to K ϩ . This could be due to a lower affinity of the cotransporters for Tl ϩ or to a reduced ability of the cotransporter to translocate Tl ϩ and Cl Ϫ ions across the plasma membrane. This will need to be resolved in other studies. Despite this reduced flux, we showed that the methodology is robust and suitable for HTS.
A second critical informative finding of this study is the identification of pharmacological inhibitors of KCC2. Our primary and secondary screens identified a rather large number of compounds that inhibit and activate KCC2. In this study, we focused on a series of inhibitory compounds that passed several filters, including specificity to the KCC2-overexpressing cell line versus naïve HEK293 cells as well as the production of typical dose-response curves. Although we have identified several potential scaffolds (Table S1) , we focused our attention on compound D4 (Pubchem SID# 24814385) because its submi- cromolar potency (Fig. 3) , its specificity to KCC2 versus NKCC1 (Fig. 2) , and its similarity to 2 other compounds identified in the screen (D12 and D20). The synthesis of structural analogs with various degrees of activity is also extremely useful for future optimization of drug properties. Preliminary SAR work reveals that the thiazole moiety of D4 is essential for activity and that several alkyl substituents in the 4 position of the thiazole are tolerated (56-70% inhibition at 1 M). Moreover, both D4 (6l) and an N-Me amide congener, 6m, are equipotent (EC 50 s of 558 nM and 537 nM, respectively) and possess unprecedented selectivity versus the closely related NKCC1. Based on the 3 log-order increase in KCC2 inhibitory activity versus bumetanide and the selectivity versus NKCC1, D4 (6l) was declared an MLPCN probe compound for KCC2 and ascribed the PubChem identifier SID 56405457.
Finally, another significant finding of this study is the characterization of inhibitor binding with respect to both external K ϩ and Cl Ϫ ions. To determine the nature of D4 binding to KCC2, we used the enzyme kinetic approach assuming rapid equilibrium (see ref. 38) and SI Text). We measured D4 inhibition at different external K ϩ concentrations as well as D4 inhibition at various Cl Ϫ concentrations. We demonstrated that D4 was binding to KCC2 competitively with K ϩ ions, but noncompetitively with Cl Ϫ ions. Interestingly, competitive inhibition with K ϩ ions and noncompetitive inhibition with Cl Ϫ ions was suggested by data obtained with furosemide in red blood cells (13) , indicating a similar mechanism of action. Whether the compounds identified in this study bind to the same site on KCC2 will need to be addressed in future studies. All possible models of D4, K ϩ , and Cl Ϫ binding to KCC2 were drawn and velocities equations derived. Our data are only well-suited to the model presented in Fig. 5C , in which K ϩ and Cl Ϫ ions bind randomly to the cotransporter, and in which D4 does not bind to a K ϩ -attached carrier. Furthermore, our results also indicate that the binding of Cl Ϫ to the transporter does not affect the binding of K ϩ (because the unique intercept on the x axis in Fig. 5B requires the factor ␣ to be 1); as the binding of Cl Ϫ to the transporter also does not affect the binding of D4 (for a similar reason and ␥ ϭ 1). These data were somewhat surprising, as we had demonstrated in the past ordered ion binding for K ϩ and Cl Ϫ outside the sheep red blood cell K-Cl cotransporter (39, 40) . This discrepancy might indicate isoform-specific differences, difference in the membrane environments between the 2 systems, or different kinetic properties depending on the mode of KCC activation.
In summary, we report the development and validation of an efficient screen for identification of inhibitors of cation-chloride cotransporters. We identified a number of molecules that inhibit KCC2 function. Additional studies will be required to further define the specificity of these molecules, including specificity among the 4 K-Cl cotransporters. As this manuscript goes to press, we determined that D4 also inhibits KCC3 in the micromolar range, indicating that this compound does not distinguish between these 2 K-Cl cotransporters. Whether specificity can be obtained by modifying the chemical structure will be tested in future work Additional studies will also be required to test efficacy of these compounds on the cotransporter in native tissue. The development of these tools should have an impact on studies of KCC2 in preventing brain hyperexcitability and in gating pain information in the dorsal horn of the spinal cord.
Materials and Methods
HEK293 Cell Culture. Wild-type or KCC2-expressing HEK293 cells were grown up to 80 -90% confluence in 10-cm dishes containing DMEM/Ham's F-12 (1:l) (Invitrogen) supplemented with 10% FBS (JRH Biosciences), 50 units/mL penicillin, and 50 pg/mL streptomycin (Invitrogen). KCC2-expressing clones were under puromycin selection (2 g/mL; Sigma). Cultures were maintained at 37°C in the presence of 5% CO 2. Cells were passaged every 3-4 days, using a ratio of 1:10, for a maximum of 16 passages. For fluorescence measurements, the cells were plated in T175 flasks 4 days before the assay.
Tl-Induced Fluozin-2 Fluorescence Increase. The day before the experiment, cells were plated in 384-well, black-walled, clear-bottom, polyD-lysine coated plates (Greiner Bio-One) at a concentration of 20,000 cells per well by using a Multidrop Combi (Thermo Fisher). The medium was removed by using an ELx405CW cell washer (BioTek) and replaced with 20 L of HBSS plus 20 mM Hepes (pH 7.3) and 20 L of HBSS plus 20 mM Hepes (pH 7.3) containing 2 M fluozin-2 dye (Invitrogen) plus 0.2% (wt/vol) Pluronic F-127 (Invitrogen) by using a Multidrop Combi. Cells were incubated with the dye at room temperature for 48 min. The wells were then washed 3 times with HBSS plus 20 mM Hepes (addition of 80 L and aspiration to leave Ϸ20 L) by using the ELx405CW. After the washes, the cell plate was inserted into a Hamamatsu FDSS 6000 and precompound-addition fluorescence counts were obtained (5 frames at 1 Hz, excitation 470 Ϯ 20 nm, emission 540 Ϯ 30 nm), In parallel, 70 nL per well of compounds from 10 mM (nominal) stocks in DMSO supplied as the Molecular Libraries Small Molecule Repository collection by BioFocus DPI were transferred to 384-well polypropylene plates (Greiner) by using an Echo 555 (Labcyte) and diluted with 35 L per well HBSS plus 20 mM Hepes (pH 7.3) and 200 M ouabain using a Multidrop Combi. Twenty microliters per well of the diluted compounds were then added to the dye-loaded cell plates by using a Velocity11 Bravo and incubated for 8 min. Next, the compound-treated cell plates were loaded back onto the FDSS 6000. After 10 s, 10 L per well of 5ϫ thallium stimulus buffer [125 mM sodium bicarbonate, 12 mM thallium sulfate, 1 mM magnesium sulfate, 1.8 mM calcium sulfate, 5 mM glucose, 10 mM Hepes (pH 7.3)] was added. All steps of the screening protocol after compound plating were accomplished by using an automated screening system. Plates were moved by using a Thermo Fisher F3 robotic arm and all instruments and scheduling were under the control of Thermo Fisher Polara scheduling software version 2.3. After normalizing each well's fluorescence trace by dividing each data point after compound addition by the initial fluorescence values obtained on the FDSS precompound addition, activity was measured by obtaining the initial values of the slope of Tl ϩ -stimulated fluorescence increase by using linear regression. Hits were selected as compounds that caused a decrease in the slope of Ն3 standard deviations from the general population of test wells. Hits were reordered from BioFocus DPI and retested in duplicate. Retest-positive compounds were further evaluated by testing them at varying concentrations on both the KCC2-expressing cell line and the parental untransfected HEK cells. Compounds displaying selective, concentrationdependent activity were selected for further evaluation.
86 Rb Assays in HEK293 Cells. For rubidium uptake assays, cells were briefly trypsinized from 10-cm dishes and plated for 2 h on 35-mm dishes coated with polyL-Lysine (0.1 mg/mL; Sigma). Cells were washed once and preincubated for 15 min with 1 mL of hyposmotic saline solution containing 120 mM NaCl, 5 mM KCl, 2 mM CaCl 2, 0.8 mM MgSO4, 5 mM Hepes, 5 mM glucose, 100 M ouabain, 500 M N-ethylmaleimide (pH 7.4) with HCl (260 -270 mOsm). After the preincubation period, the medium was aspirated and replaced with 1 mL of similar solution without NEM, but containing 1 Ci/mL 86 Rb (PerkinElmer). After 15-min uptake, the solution was aspirated, and the cells were washed 3 times with ice-cold solution. Timecourse experiments have shown that the flux is linear over a 30-min period. The cells were then lysed for 1 h with 500 L of 0.25 M NaOH and then neutralized with 250 L of glacial acetic acid. A 300-L aliquot was then added to 5 mL of liquid scintillation fluid (Biosafe II; Research Products International) for counting, and a 30-L aliquot was used for protein assay (Bradford; Bio-Rad). A 5-L aliquot of the uptake solution was also counted as standard. Uptakes are expressed in pmol of K ϩ /mg of protein/min, and the furosemide-sensitive uptake (KCC-mediated flux) is calculated as the difference between the uptake measured in absence of furosemide and the flux obtained in the presence of 2 mM furosemide. Each experimental condition is measured in triplicate.
